We compare the use of different trimethoxysilane compounds for the surface functionalization of magnetite nanoparticles and their subsequent incorporation in hybrid particles formed by in situ polymerization. For the encapsulation of inorganic nanoparticles via miniemulsion polymerization, surface functionalization of the inorganic material is necessary to hydrophobize the otherwise hydrophilic inorganic material and to compatibilize it with the polymer. Hydrophobic magnetite nanoparticles are usually prepared by surface functionalization with oleic acid, which leads to effective hydrophobization, but offers only limited control over the structure of the hybrid particles. As an alternative, we report the encapsulation of magnetite particles functionalized with 3-methacryloxypropyl trimethoxysilane (MPS) or octadecyl trimethoxysilane (ODTMS). The influence of the surface functionalization on the compatibility of the inorganic particles with different polymers is investigated by determining the solid content of the dispersions and the magnetite content of the hybrids. The morphology of the hybrid materials is studied by transmission and scanning electron microscopy. MPSfunctionalized magnetite particles are distributed homogeneously within the polymers, while ODTMS and oleic acid lead to the formation of Janus particles. These observations are similar regardless of the polymer, which demonstrates that the functionalization is the decisive factor in tuning the structure of hybrid nanoparticles.
Introduction
Inorganic nanomaterials are commonly used in a broad range of applications. The use of silica as a ller material to increase mechanical strength, 1 titania because of its UV absorption ability, 2 and magnetite as a contrast agent in magnetic resonance imaging (MRI) 3, 4 are some typical examples. In all of these cases, the use of the pure inorganic material might be problematic because it is not trivial to achieve the desired colloidal stability or biocompatibility. 3, 5 Encapsulation of the inorganic particles in a polymeric material can help to overcome these problems. Methods like dispersion polymerization [6] [7] [8] or seeded emulsion polymerization [9] [10] [11] are oen used to encapsulate inorganic nanoparticles, but a major drawback of these techniques is the limitation of the possible structures, 12 since most of the strategies deliver either a polymer particle surrounded by inorganic particles 13 or an inorganic particle with a polymer shell. 14 Miniemulsion polymerization has been shown to be a convenient method to synthesize polymer/inorganic hybrid nanoparticles with a controlled structure. [15] [16] [17] Miniemulsion droplets are kinetically stabilized by the addition of an osmotic reagent, and a relatively low amount of surfactant is needed. 18 Nanomaterials produced in miniemulsion are, therefore, suitable for biomedical applications, such as encapsulated magnetite used as a contrast agent. 19 A large variety of inorganic materials can be encapsulated by miniemulsion, including silica, 20,21 magnetite, 4,22 titania, 23 and gold. 24 Among other monomers, methyl methacrylate (MMA), 20 styrene, 25 and lactic acid 26 have been used. To determine the structure of the hybrid particles, the overall interfacial energy of the system has to be minimized. 12, 27 The interfacial energy can be tuned by changing the type of initiator 4, 28 or the surfactant concentration, 29 so that a certain structure is favored. Other important parameters are the polarities of the polymer and the inorganic particles, as they determine the interfacial energies between these materials and the aqueous phase. 12, 28 The surface properties of the inorganic material can be easily tuned by surface functionalization. For magnetite nanoparticles, oleic acid is one of the most common functionalization agents. 30 Carboxylic acids act as chelating ligands for iron atoms and form stable bonds. Even if widely used, the encapsulation of oleic-acid-functionalized magnetite particles in miniemulsion is still challenging in terms of morphological control, as different publications show. 22, [31] [32] [33] In most cases, a combination of miniemulsion and emulsion polymerization is applied. In the rst step, a magnetite cluster is prepared in miniemulsion, followed by emulsion polymerization around the cluster.
34-36
As oleic-acid-functionalized particles are very hydrophobic, they oen form nanoparticles with Janus-like structures. 31, 33 To obtain a homogeneous distribution of the magnetite inside the polymer, the system has to be tuned. Mori et al., for example, achieved this by changing from oil-soluble to water-soluble initiators.
4
Another possibility is to use trialkoxysilanes instead of oleic acid as a functionalization agent. The silane chemistry is a versatile technique with a huge variety of accessible functional groups.
37
The encapsulation of surfacefunctionalized silica particles in different polymers is an established technique to control the structure of the hybrid material. 12, 16, 21 However, for magnetite, silanization has been mostly used to tune the magnetic properties 38, 39 or the interaction with biomaterials, but not to control the morphology.
40-42
We report here the synthesis of polymer/magnetite hybrid nanoparticles with a controlled structure by using miniemulsion polymerization. The magnetite particles have been functionalized with 3-methacryloxypropyl trimethoxysilane (MPS), octadecyl trimethoxysilane (ODTMS), and oleic acid (OA). Encapsulation experiments have been done in methyl methacrylate (MMA), styrene, and a mixture of styrene and 4-vinylpyridine (4VP). The compositions of the hybrid particles have been determined by thermogravimetric analysis (TGA). To observe the inner structure of the hybrids, transmission and scanning electron microscopy (TEM and SEM) have been applied.
Experimental section

Materials
Methyl methacrylate (MMA, >99%, Sigma-Aldrich) and styrene (>99%, Sigma-Aldrich) were passed through an alumina chromatography column before use to remove the inhibitor. 4 
Synthesis of acid-functionalized magnetite nanoparticles
Acid-functionalized magnetite nanoparticles were synthesized according to a slightly varied procedure from those previously reported. 22, 36 Ferrous chloride (3.0 g, 15 mmol) and ferric chloride (6.1 g, 22.5 mmol) were dissolved in 20 mL of water. A concentrated ammonia solution (10 mL) was diluted with water (5 mL) and added to the iron salt solution dropwise within 5 min under vigorous mechanical stirring. Either oleic acid or methacrylic acid (3.5 mmol) was added and, aerwards, the reaction mixture was rst heated to 70 C for 1 h and then to 130 C for 2 h. The obtained magnetite particles were washed with water several times and dried under vacuum.
Synthesis of silanized magnetite nanoparticles
Ferrous chloride (3.0 g, 15 mmol) and ferric chloride (6.1 g, 22.5 mmol) were dissolved in 20 mL of water. A concentrated ammonia solution (10 mL) was diluted with water (5 mL) and added to the iron salt solution dropwise within 5 min under vigorous mechanical stirring. Aerwards, the reaction mixture was rst heated to 70 C for 1 h and then to 130 C for 2 h. The supernatant solution was removed aer collecting the particles with a magnet, which were redispersed in a mixture of water (100 mL), ethanol (50 mL) and SDS (30 mg). The pH of the mixture was set to 9.5 using concentrated ammonia solution. The silane compound (MPS or ODTMS, 20 mmol) was added dropwise within 30 min and the mixture was stirred at ambient temperature for another hour. Aer heating to reux at 105 C for 1.5 h, the particles were washed several times with a water/ethanol mixture (1 : 1) and then dried under vacuum.
Synthesis of hybrid nanoparticles
The organic phases were prepared by dissolving hexadecane (100 mL) and V59 (50 mg) in the different monomers. The samples contained MMA (1.8 mL), styrene (1.8 mL) or a mixture of styrene (1.4 mL) and 4VP (0.4 mL). Magnetite particles (200 mg) were added to the samples and dispersed in the ultrasound bath for 30 min. Aer addition of the aqueous phase consisting of water (18 mL) and SDS (36 mg), the emulsions were shaken for 20 min. Ultrasonication for 120 s at 70% intensity with a pulse sequence of 30 s pulse and 10 s pause (Branson W 450 digital sonier; 1/2 00 tip, ice cooling) was used to prepare the miniemulsions. Polymerization took place at 72 C for 17 h in a thermoshaker. The polymerized samples were then ltered to remove the possibly formed coagulum. Separation of the particles containing magnetite from the empty polymer particles was performed by putting the dispersions on a neodymium magnet for 30 min. The supernatant dispersion was removed and the particles were redispersed in a 0.1 wt% SDS solution (10 mL). The dispersion was again puried magnetically and then relled with water. The solid content of the samples was determined by lyophilization.
Characterization techniques
Particle sizes and size distributions were determined by dynamic light scattering (DLS) using a Nicomp particle sizer 380 (PSS) at a xed angle of 90 .
The magnetite content of the lyophilized hybrid particles was determined using thermogravimetric analysis (TGA). The measurements were conducted using a Mettler-Toledo TGA/ SDTA-851 thermobalance (40 to 700 C, heat rate of 10 K min
À1
, nitrogen atmosphere).
For scanning electron microscopy, the diluted samples were drop-casted on a silicon wafer. The micrographs were recorded using a Leo Gemini 1530 eld emission microscope at an extractor voltage of 0.5 kV.
Transmission electron microscopy (TEM) was measured on a JEOL JEM-1400 electron microscope at an acceleration voltage of 120 kV. The samples were prepared by drop-casting of the diluted dispersions on a carbon-coated copper grid. The samples containing PMMA were coated with a thin carbon layer before the measurement.
Results and discussion
Inorganic nanoparticles are usually hydrophilic, while many common polymers are hydrophobic. To enable encapsulation of inorganic particles in such hydrophobic polymers, the compatibility of the two materials has to be improved, which is mostly achieved by surface functionalization of the inorganic material. For magnetite nanoparticles, capping with oleic acid is one of the most common functionalization strategies. 30 The carboxylic acid group has a high affinity to the iron atoms and acts as a chelating agent. As stated in the Introduction, although encapsulation of oleic-acid-functionalized magnetite particles in miniemulsion is possible, the structure of these materials is in most cases a Janus-like morphology. A variation of the surface functionality can be helpful to achieve a homogeneous distribution of the particles in the polymer. 16 
Surface functionalization of magnetite nanoparticles
Superparamagnetic magnetite nanoparticles with a size of around 5 nm were synthesized by co-precipitation in the presence of oleic acid. The surface functionalization with oleic acid was successful, as proven by the thermogravimetric analysis (TGA) traces shown in Fig. 1 . As already demonstrated in previous work from our group using silica nanoparticles, the structure of hybrid particles depends on the surface functionalization. 16 A polymerizable methacrylic acid ester leads to a homogeneous distribution of the inorganic particles in the polymer, while a long alkyl chain gives a Janus-like structure. To achieve similar results with magnetite particles, oleic acid was replaced by methacrylic acid (MA) as a functionalization agent. However, this functionalization was not successful, as observed from the data shown in Fig. 1 . We assume that the solubility of methacrylic acid in water is too high and the adsorption to the magnetite surface is not favorable. To prove that the reactive group of methacrylic acid and the double bond of oleic acid have no inuence on the functionalization reaction, we carried out analogous experiments with stearic acid and propionic acid. The thermal decomposition of magnetite particles functionalized with stearic acid and propionic acid (shown in ESI, Fig. S1 †) is similar to the particles functionalized with oleic and methacrylic acid: functionalization is only successful (high amount of organic material), with very hydrophobic acids but not with more hydrophilic ones. A possible alternative to carboxylic acids is the functionalization with trimethoxysilane compounds, which offer a relatively straightforward and facile way for surface functionalization. Many different reactive groups and chain lengths are accessible and facilitate the tuning of the properties of the functionalized particles. 37 For the functionalization of the superparamagnetic magnetite particles, we used an analogous method to that reported by Bourgéat-Lami et al. 21 for silica nanoparticles. Condensation of the precursors leads to the formation of a covalent attachment of the functionalization agent around the particles, 43 so that removal during purication or polymerization is effectively avoided. As functionalization agents, 3-methacryloxypropyl trimethoxysilane (MPS) and octadecyl trimethoxysilane (ODTMS) were used, in a similar fashion to previous work from our group with silica particles.
15
The MPS content of the functionalized particles is 30 wt%, while the amount of organic materials on the ODTMS-functionalized particles is only 10 wt% (Fig. 1) . This difference can be explained by a higher solubility of MPS in the reaction mixture. Before adsorption on the particles, the trimethoxysilanes hydrolyze and form oligomers. 43 As ODTMS is much more hydrophobic than MPS, the oligomers should precipitate at much shorter chain lengths and, therefore, not be available anymore for surface functionalization. This behavior can be macroscopically observed during the reaction by an increase of turbidity in the reaction mixture. The precipitated functionalization agents were removed aer functionalization by magnetic purication.
Composition of hybrid materials
The differently functionalized magnetite particles were encapsulated by miniemulsion polymerization. Since the polarity of the polymer plays a major role for the structure of the resulting hybrid material, 12, 28 we chose methyl methacrylate (MMA) and styrene as monomers with slightly different polarities. Additionally, we used 4-vinylpyridine (4VP) as a co-monomer because it provides acid-base interactions with the surface of the inorganic particle and helps to increase the affinity between polymer and inorganic material. 44 Miniemulsions containing a mixture of MMA and 4VP were not stable. For all further experiments, only the samples with pure MMA (labeled as M), pure styrene (labeled as S) or a mixture of styrene and 4VP (labeled as SV) are discussed.
Aer polymerization, the samples were ltered to remove coagulates. The samples were puried by using a magnet to collect the hybrid particles containing magnetite. The supernatant (i.e., non-magnetic dispersions) was removed and replaced with water. To evaluate the efficiency of the purica-tion process, the solid content of the dispersions (determined by lyophilization) and the magnetite content of the lyophilized particles (measured by TGA) were determined before and aer the purication step. Particle sizes were also analyzed before and aer purication by dynamic light scattering (DLS). The results of these measurements are shown in Table 1 and Fig. 2 . Since TGA measurements were conducted under a nitrogen atmosphere, the organic material did not oxidize completely, leaving a carbon residue. Accordingly, pure polymer samples (M4, S4, SV4) show a residual mass of 3 wt%.
Directly aer polymerization and ltration, the solid content of the samples was around 9 wt%, which is close to the theoretical value of 10 wt%. The miniemulsions were stable and showed only a small amount of coagulum aer polymerization. Aer purication, the solid content is approximately 1.5 wt% for the samples containing MPS-functionalized and OAfunctionalized magnetite, and around 0.5 wt% for the samples with ODTMS-functionalized magnetite. These values indicate that only about 12% of the particles were sufficiently magnetic to be collected by the magnet. The rest were either pure polymer particles or contained only a low amount of magnetite. This observation is also in accordance with the electron micrographs of the samples before purication, as shown in Fig. 3-5 . The inhomogeneous distribution of magnetite in the sample can be explained from the emulsi-cation process. The preparation of the miniemulsion was achieved by ultrasonication of a macroemulsion. A high content of solid particles in a droplet leads to an increased viscosity, which hinders deformation and droplet breakup. 45 As a consequence, empty particles are much more likely to be broken up than particles containing magnetite. Aer emulsication, the samples consist of a large number of small, empty particles besides some larger particles lled with magnetite. DLS data (see Table 1 ) before and aer purication support this interpretation. Analogous effects had been previously observed for the encapsulation of silica particles. 15, 16, 45 A major advantage of magnetite is that the inhomogeneous distribution in the system can be easily overcome by magnetic purication.
Aer synthesis, the samples should contain a theoretical amount of magnetite of 10 wt%. With the residual polymer in TGA measurements taken into account, the expected result for the magnetite content (MC) in the TGA measurements should be about 13 wt%. In most of the samples, between 40% and 55% of the magnetite was encapsulated and is still present in the sample aer ltration, while the rest was removed beforehand as a part of the coagulum. The higher encapsulation efficiency of 70% (sample SV1) was obtained for MPS-functionalized magnetite in poly(styrene-co-4VP), while the lowest amount (about 23%) was found for OA-functionalized magnetite in MMA (sample M3).
As expected, the compositions of the dispersions change dramatically aer magnetic purication. Due to removal of the pure polymer particles, the samples retain only the highly magnetic particles, which leads to a decrease in the solid content, as already stated above. In contrast, the magnetite content of the particles is much higher aer purication (40 to 60 wt%).
Structure of hybrid nanoparticles
The morphology of the hybrid samples as a function of the polymer and the surface chemistry of the magnetic nanoparticles was studied by electron microscopy. Fig. 3 shows magnetite nanoparticles encapsulated in PMMA, the nanoparticles in Fig. 4 are encapsulated in polystyrene, and Fig. 5 shows nanoparticles in poly(styrene-co-4VP). It needs to be noted that PMMA particles need to be additionally coated with carbon before TEM measurements, because they are very sensitive under the electron beam. This additional carbon layer appears in the TEM images as a shell, which is a result of the sample preparation. Polystyrene particles, much less sensitive, did not require this special treatment.
As already observed by TGA, the magnetite content of the hybrids increases very signicantly aer magnetic purication. The structure of the particles depends mainly on the applied surface functionalization. The rst columns of Fig. 3-5 (M1, S1, SV1) show hybrids containing MPS-functionalized magnetite. In this case, the magnetite particles are distributed homogeneously inside the polymer. Especially in PMMA (M1), the particles are fully loaded and have lost their anisotropic shape due to the high amount of encapsulated magnetite. The structures of the particles containing ODTMS-functionalized magnetite (second columns, M2, S2, SV2) show a Janus-like structure. The magnetite particles are agglomerated only at one side of the hybrids, while the other side consists of pure polymer. Sample SV2 shows an "open shell" structure, where the magnetite seems to be trapped in a pocket formed by the polymer. This behavior indicates a very low affinity between polymer and ODTMS-functionalized magnetite. With OAfunctionalized magnetite, the structures are quite similar (M3, S3, SV3). All samples show a Janus morphology. In PMMA (M3), a high amount of free magnetite besides open polymer pockets can be found, which also indicates a low affinity between polymer and functionalized magnetite in this case. In general, the morphology of hybrid particles is controlled by a minimization of the interfacial energies in the system.
12,27
Since all other parameters are kept constant in our experiments, the difference in structure is controlled by the different polarities of the different functionalization agents and polymers. ODTMS and OA possess a long alkyl chain and are much more hydrophobic than MPS, which results in a higher affinity to hydrophobic monomers like styrene, while MPS is more compatible with the polar MMA. In consequence, more hydrophobic particles functionalized with ODTMS and OA should be expected to be preferably inside the monomer to reduce the magnetite/water interface as much as possible, which is not the case. As the structures of the hybrids with differently functionalized magnetite are basically the same for all polymers, this hypothesis does not explain our observations. Theoretical calculations by Gonzalez-Ortiz and Asua describe structure control as a function of the different interfacial tensions in the system. 12, 27 However, this model is limited to systems in thermal equilibrium. In our system, MPS is able to copolymerize with the surrounding monomer, 15 leading to a kinetic xation of the MPS-functionalized particles inside the hybrids, thus avoiding formation of the thermodynamically preferred Janus structure.
Conclusions
We have demonstrated that the functionalization of magnetite nanoparticles with trialkoxy silanes is an efficient alternative to the classical method using oleic acid when the aim is to make them compatible with a polymer matrix. The versatility of the functionalization agents gives various possibilities to tune the surface properties of magnetite particles and, therefore, to control the morphology of hybrid particles in encapsulation experiments. While MPS-functionalized magnetite is homogeneously distributed in the polymer, ODTMS-and OAfunctionalized magnetite both form Janus structures. Magnetic purication of the dispersions increases the magnetite content up to 60 wt% in polymers with different polarities. Our work shows that silanization offers a tailorable surface functionalization that can help to tune the properties of hybrid particles according to the desired structure and material combination.
